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Abstract

Green walls, as part of nature-based solutions, have been implemented in urban environ-
ments, enhancing energy efficiency, thermal regulation, biodiversity, environmental quality,
and human well-being. Despite these benefits, green walls’ environmental performance
across their life cycle is reported inconsistently in the literature, limiting robust comparisons
and evidence-based decision-making in the built environment. This review synthesizes
current knowledge on the environmental performance of green walls, living wall systems,
and active living walls, including systems that improve indoor air quality and enable
water reuse. A systematic literature review was conducted following PRISMA guidelines
using the databases ScienceDirect, Scopus, and Google Scholar. The results show that
methodology gaps in life cycle assessment (LCA) studies of living wall systems restrict
their applicability for evidence-based design and specification. Future research should
integrate embodied and operational impacts in scenario-based and sensitivity analyses con-
sidering plant selection, irrigation strategies, maintenance regimes, replacement rates and
service-life assumptions. More focus should be given to tropical cities to understand the im-
pact of climate, water demand, vegetation performance. and maintenance intensity. These
improvements would lead to more comparable, context-sensitive, and design-oriented
LCA evidence for sustainable building applications.

Keywords: living wall systems; life cycle assessment; environmental impacts; building
performance; energy savings

1. Introduction
Nature-based solutions (NBSs) integrated into wall systems can improve energy

efficiency, regulate the temperature of the immediate environment, reduce wind speed,
enhance biodiversity, and improve indoor air quality performance in densely populated
urban environments [1–5]. Human health and environmental quality are closely linked [6,7].
Urban green spaces such as parks and residential green spaces can help promote physical
and mental health, provide psychological relaxation, and relieve stress [1]. However,
despite the benefits, evolution, and advantages of green walls, a deeper understanding of
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their environmental contributions and impacts must be considered so that these systems
can be used on a larger scale and with a more precise identification of their environmental
impact [8–11].

As part of an NBS, the vertical greenery system (VGS) involves any way to set plants
in a building façade [12]. Traditionally, these systems consisted of climber plants that
climbed directly on the material façade [13]. Green walls can be categorized into three main
types, depending on their composition and the growing condition of their plants: direct
green, indirect green, and living wall systems (LWSs) [14–17]. The literature increasingly
frames VGS as an engineered multiservice infrastructure—treatment-oriented living walls
acting as compact vertical nature-based systems for greywater reuse, where performance
depends on hydraulic regimes and media composition [18,19], as well as indoor active
living wall (ALW) systems designed as engineered Indoor Air Quality (IAQ) devices, in
which active airflow architecture and operational settings drive pollutant removal [20].
Framing these families explicitly is a methodological prerequisite because each implies
different functional units, maintenance intensities, and life-cycle boundary logics; conflating
them makes sustainability claims boundary-driven rather than evidence-driven [21–23].

Life cycle assessments (LCAs) are tools for quantifying the environmental burdens as-
sociated with products and activities throughout their entire life cycle [24]. These tools have
been applied in buildings to aid project decision-making, focusing on energy consumption
and impacts on their life cycle [25–32]. Other studies have also been carried out on veg-
etated surfaces in built environments [33–35]. These studies provide information on the
environmental impact of different green walls, identifying those types of green wall systems
and stages of the LCA that generate greater or lesser environmental impacts [36–40].

Early comparative LCAs on green façades and living wall systems established that
material-intensive subsystems and maintenance can dominate impacts, motivating more
standardized assessments across typologies and climates to be carried out [41]. These
findings are informative; however, a recurring source of redundancy and comparability
failure in green wall LCA reviews involves treating “green walls” as a homogeneous
intervention category. Differences in system boundaries, modeling of water subsystems,
transport, and maintenance assumptions are reported. As a result, LCA findings are often
based on context specific scenarios that may not be transferable to tropical and subtropical
cities [42]. This topic is highly relevant because of the growing interest in the large-scale
use of VGSs and NBSs in the building environment [1,43–47].

The purpose of this review is to critically integrate existing knowledge of the environ-
mental performance of green walls in the built environment by analyzing how method-
ological specifications influence reported impacts and their comparability across studies.
Performing a structured literature review following PRISMA guidelines [48], this review
evaluates the existing knowledge with attention to system definition, location of the studies,
service life, functional unit, system boundaries, and methodological choices. By identifying
key methodological drivers of impact variability, as well as context evidence gaps, this
review aims to enable the identification of opportunities to enhance the LWS sustainability
and provide robustness and decision relevance, supporting evidence-based design and
planning for sustainable building environments.

2. Materials and Methods
A systematic literature review on green walls and LCA was carried out in this research

study. This review was justified to identify gaps and opportunities for enquiry into the
concept of a circular economy, specifically in life cycle assessments related to green walls.
The following questions were formulated to guide this study:
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• How have system boundaries, methods, impact assessment approaches, and scenarios
been specified in LCA studies of green walls?

• What system components and inventory data collection have been considered in LCA
studies of green walls?

• What critical gaps persist in LCA studies of green walls, and how can future research
support evidence-based design, specification, and planning in sustainable buildings?

For the appraisal of the studies, the following information was considered for the
assessment of the resources: author, location, type of system, service life, functional unit,
stages analyzed, and the scope of the assessment. The review protocol follows ISO-aligned
LCA principles to ensure transparent goal-and-scope framing when synthesizing the
environmental impacts and energy-related benefits reported for green wall systems.

Inclusive and/or exclusive combinations of keywords were used to improve the search
parameters and documentation, privileging the advanced search within the article title,
abstract, and keywords. The analysis was supported by synoptic matrices to correlate the
information and analyze it according to variables and categories.

2.1. Search Strategy

The literature review was supported by synoptic matrices to correlate the information
and analyze it according to variables and categories [49]. To minimize the omission
of design and component-specific LCA evidence, the search strategy explicitly targeted
‘living wall systems’ and ‘life cycle assessment’ terms aligned with established LWS LCA
studies [10].

The most common terms related to green walls are “green façade” [50–54], “green
wall” [15,55,56], “living wall system” [57–60], “vertical garden” [61–64], “vertical greenery
system” [65–68], and “VGS” [69–71]. The 6 terms related to green walls were combined
with the following aspects: “Life Cycle Assessment” [4,10,44,59], “energy saving” and
“environmental impact”. Like other review articles [9,72–74], we used ScienceDirect, Google
Scholar, and Scopus databases for the literature search. The search was performed with the
following filters: “keyword, abstract, title” and “articles with these terms”.

This research resulted in 1322 articles found, 3 aspects searched, 6 terms referring to
green walls and 18-word combinations. The search was first conducted in June 2025 and
renewed in January 2026 to cover additional published studies. The Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines were used as a ref-
erence framework to structure the reporting of the review process, particularly for defining
selection criteria and transparently describing the search, screening, and synthesis of the
included studies. Table 1 presents the results of the search in the ScienceDirect database
with the filter “articles with these terms” with the keywords “vertical garden”, “vertical
greenery system”, “VGS”, “green façade”, “green wall”. and “living wall system” (LWS).

Table 1. Search results using the filter “articles with these terms” with the words “vertical garden”,
“vertical greenery system”, “VGS”, “green façade”, “green wall”, and “LWS”.

ScienceDirect

Keywords Vertical garden Vertical greenery
system VGS green façade Green wall Living Wall

System

Keyword +
Vertical garden

Keyword +
Vertical greenery

system
Keyword + VGS keyword + Green

façade
keyword + Green

wall

Keyword +
Living Wall

System

Life Cycle
Assessment 1 3 3 8 10 6

Energy saving 0 12 14 28 19 2
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Table 1. Cont.

Environmental
impact 1 4 4 8 19 3

Scopus

Keywords Vertical garden Vertical greenery
system VGS green façade Green wall Living Wall

System

Keyword +
Vertical garden

Keyword +
Vertical greenery

system
Keyword + VGS keyword + Green

façade
keyword + Green

wall

Keyword +
Living Wall

System

Life Cycle
Assessment 4 7 6 40 157 31

Energy saving 0 6 6 13 85 93

Environmental
impact 33 36 48 32 59 11

Google Scholar

Keywords Vertical garden Vertical greenery
system VGS green façade Green wall Living Wall

System

Keyword +
Vertical garden

Keyword +
Vertical greenery

system
Keyword + VGS keyword + Green

façade
keyword + Green

wall

Keyword +
Living Wall

System

Life Cycle
Assessment 7 5 28 10 63 24

Energy saving 26 31 61 56 85 26

Environmental
impact 1 2 22 10 50 3

Subtotal 73 106 192 205 547 199

TOTAL 1322

2.2. Inclusion and Exclusion Criteria

Eligibility prioritized peer-reviewed studies that explicitly reported functional units,
system boundaries, and life-cycle stages for VGS/LWS, reflecting the comparability require-
ments emphasized by recent methodological syntheses in the field [33]. Table 1 shows the
results of the searches in the ScienceDirect, Scopus, and Google Scholar databases using the
keywords vertical garden, vertical greenery system, VGS, green façade, green wall, and
living wall system (LWS), respectively. The selected keywords were combined with search
terms related to life cycle assessment, energy savings, and environmental impact using
Boolean operators.

2.3. Screening Process

Figure 1 summarizes the keyword combinations and thematic aspects used to structure
the literature search across the selected databases. The search strategy was mainly based on
the Boolean operator AND, which made it possible to combine core concepts and narrow the
results to studies aligned with the objectives of the review. In ScienceDirect, searches were
refined using the advanced search option “Title, abstract or author-specified keywords”;
in Scopus, the query was applied to the article title, abstract, and keywords fields. In
Google Scholar, the same combinations were used in the general search field, considering
the broader and less structured nature of this database. An overview of the selected studies
was conducted to obtain the current LCA data and determine the environmental impact
on green walls. A total of 60 papers ultimately met the search criteria; non-peer reviews
were eliminated, and duplicates and out-of-the-topic references were removed, as shown
in Figure 1.

The methodological quality of the included studies was assessed using the Joanna
Briggs Institute (JBI) critical appraisal tool for analytical cross-sectional studies. It considers
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different aspects of validity including internal validity (e.g., selection bias, measurement
bias, confounding), statistical conclusion validity, and completeness of reporting. Each
study was independently assessed against pre-determined criteria, including the setting,
exposure variables, and outcome measurements, with contextual conditions being clearly
reported, i.e., moderate when the study reports performance outcomes but lacks sufficient
control of climatic, operational, or system-specific confounders.

Figure 1. Adapted PRISMA flow diagram for the selection process. Created by the authors following
the PRISMA 2020 framework.

2.4. Data Extraction and Analysis

After the eligibility screening, all included studies were systematically charted using
synoptic matrices to support structured comparisons and category-based analysis. For each
paper, a standardized set of variables was extracted as reported by the authors: (i) author;
(ii) study location; (iii) type of system; (iv) service life; (v) functional unit; (vi) life-cycle
stages analyzed; (vii) scope; (viii) environmental impact assessment methodology; and
(ix) software and database used. This structured extraction enabled consistent mapping
of methodological decisions across the final set of included studies and facilitated the
identification of recurrent patterns and outliers.

In addition to bibliographic fields, variables that govern interpretability and reduce
false aggregation were extracted: (i) service family (envelope/energy vs. greywater treat-
ment vs. IAQ); (ii) functional unit definition (area-based versus service-based); (iii) wa-
ter subsystem descriptors (irrigation demand and source pathway; treatment/pumping
assumptions where circular-water narratives are invoked); (iv) engineering descriptors
(media recipe, replacement frequency, hydraulic loading rate, airflow architecture, and
operating mode for ALW); and (v) event-based maintenance/replacement cycles rather
than a single annual scalar. For synthesis, recycled-content and end-of-life assumptions are
treated as explicit scenario variables, and uncertainty is propagated where recyclability is
constrained by material-system realities [75–78].
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A coding scheme was then applied to harmonize reporting differences across studies,
particularly regarding typology (e.g., green façades vs. living wall systems), system-
boundary definitions, and the denomination of life-cycle stages. The studies were grouped
and cross-tabulated according to the extracted categories to construct correlation matrices
(e.g., typology × scope; scope × stages; LCIA method × reported impact focus).

The synthesis followed a qualitative, evidence-mapping approach supported by tabu-
lation and a descriptive comparison, given the substantial heterogeneity in functional units,
system boundaries, and LCIA methods that limits the feasibility of a formal meta-analysis.
The resulting synthesis is reported through correlation tables and narrative interpretation,
highlighting methodological convergence/divergence and the stages/components most
frequently associated with greater environmental burdens.

Before applying the quality appraisal framework, the reviewed references were classi-
fied according to their methodological role in the review. This step was necessary to avoid
treating all sources as equivalent evidence and to clarify how each group contributed to
the methodological synthesis, interpretation of results, and identification of research gaps.
Table 2 summarizes the classification of references, their function in the review, and the
predominant geographical context of the studies. The geographical context was classified
according to the explicit case-study location, climatic context, or dominant regional focus
reported in each source. When no empirical location was specified, the source was clas-
sified as international, methodological, or review-based. This classification shows that
the reviewed evidence is predominantly concentrated in European, Mediterranean, and
temperate contexts, while tropical urban contexts remain under-represented.

Table 2. Classification of references according to their methodological role in the review.

Group Function in the Review References Predominant Geographical
Context/Study Location

A. LCA standards,
guidelines, and
methodological
foundations

These sources support the
development of the appraisal
criteria and methodological
interpretation; they should
not be treated as
“included studies”

[79–84]
International/global methodological
framework; not linked to a specific
empirical study location

B. LCA or
life-cycle-oriented
studies on green walls,
VGS, LWS, or ALW

These studies constitute the
core evidence base for the
quality appraisal

[8,9,14,17,22,23,36,85–92]

Predominantly European and
Mediterranean contexts, with
representative cases from the
Netherlands, Portugal,
Spain/Mediterranean climates, and
some evidence from Middle Eastern
or indoor ALW contexts

C. Reviews,
typological studies,
and conceptual
frameworks on green
walls/ VGS/NbS

These sources support system
definitions, typological
classification, and the
discussion of the state of
the art

[10,13,18,41,45,75,93–96]

Mainly international review-based
evidence, with strong conceptual
influence from European and
Mediterranean VGS research

D. Thermal, energy,
IAQ, biofiltration, or
greywater
performance studies

These studies support the
discussion of operational
benefits, although they are not
always complete LCA studies.

[15,19–21,33,52,53,97–108]

Geographically diverse, including
European/Mediterranean, temperate,
subtropical, and Asian contexts such
as Athens, Hong Kong

E. Circular economy,
and complementary
assessment studies

These sources support the
discussion of scenarios,
circularity, decision-making,
and trade-offs

[77,109,110]

Mostly transferable methodological
or decision-support frameworks; not
predominantly tied to a single green
wall study location
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3. Results
The following sections present the most relevant findings on the assessment of the

environmental performance of green walls. As mentioned before, the studies were subdi-
vided into three categories for analysis. The first corresponds to studies that performed
LCA on green walls; the second to those studies that assessed energy savings on green
walls; and the third corresponds to those studies of environmental impacts on green walls.

3.1. LCA

Across Scopus-indexed studies, the state of the art shows a shift from single-case
evaluations toward typology-aware comparisons and improved reporting of inventories
and boundary assumptions [50]. Recent life-cycle thinking in adjacent application families
highlights that “green wall sustainability” can pivot on foreground parameters that are
routinely under-reported when studies are synthesized at a generic typology level. For
multifunctional systems delivering treatment or IAQ services, conclusions depend on how
operational flows (water recirculation/pumping; airflow energy) and replacement events
(media aging and renewal; module and component renewal) are represented. Consequently,
environmental rankings are scenario-dependent and cannot be generalized across “green
walls” unless functional units and boundaries are explicitly aligned with the service being
assessed [21–23]. Correlation mapping indicates that methodological decisions (e.g., the
LCIA method, foreground data granularity, and maintenance modeling) systematically
covary with reported impact hotspots [41].

According to the European Commission, LCA is defined by ISO 14040 as the com-
pilation and evaluation of the inputs, outputs, and potential environmental impacts of a
product system throughout its life cycle. Such impacts refer to a wide range of categories,
the so-called impact categories. Environmental impacts are the consequences of human
intervention on the environment, physical, chemical or biological effects, such as resource
extraction, emissions, and land use [79,80]. This study considered articles with green walls
implemented on a real scale and in prototypes, following ISO 14044 [111,112].

3.2. Classification

Green wall system classification is operationalized through typology distinctions
(green façades vs. living wall systems) because these categories drive inventory composi-
tion and comparative outcomes [45]. A defensible classification overlay should separate
construction/system types from application families. In practice, this means distinguishing
envelope-centric vertical greening from functionalized systems that provide treatment
services (greywater polishing/reuse) and IAQ services (indoor botanical biofiltration under
active airflow). This classification supports commensurate comparisons because it makes
explicit which subsystems are constitutive (media/hydraulics; airflow architecture) and
prevents the import of envelope-centric assumptions into infrastructure-like or device-like
systems [18,23,75].

The classification of the articles was performed considering the following categories:
type of system, service life, functional unit, stages of the LCA, scope, environmental impact
methodology, and software and database. For the environmental impact, the most assessed
category was Global Warm Potential (kg CO2 eq. GWP 100a). The articles were presented
according to the following stages: production, construction, use, and disposal [80,82].
The inventory data collection of the different kinds of green wall systems considered the
following aspects: the components, the weight (kg/m2), the distance (km), and the service
life (years) [83,113].
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3.3. Studies on Green Walls and LCA

A recent review that focused on green walls’ LCA studied five authors and included
the following categories: life-cycle phases, functional units, databases, LCIA methods,
system types, climate types, and orientations. Despite the limited number of papers
analyzed, many variations, mostly in terms of methodological choices, were found, and
studies also found a lack of available and validated scientific data [9]. LCA applications on
living walls increasingly quantify cradle-to-grave burdens while stressing the relevance of
design-specific inventories for robust interpretation [10].

Green walls were classified into three types according to previous methods [8,85,93] to
provide a better understanding of the variety of green walls that are mostly implemented
and analyzed.

Direct green: This type includes systems that can grow directly to the vertical com-
ponent in a homogeneous green enclosure solution. The growing material is essentially
substrate soil, which uses ground water and climbing plants [14–17,86].

Indirect green: This classification includes indirect vertical enclosures that use struc-
tural support members and systems/panels. This type of soil can use substrate or potting
soil. There are also indirect green systems with planter boxes and irrigation systems with
tap water and nutrients. The vegetation in both types of indirect green mostly includes
climbing plants [7].

Living wall systems: This category includes the most complex type of green walls. It
is composed of structural support, waterproofing materials such as PVC foam plates, a
support system/panel that can be felt, HDPE planter boxes, growing material that can be
substrate soil or artificial substrate, and an irrigation system with water demand of tap
water nutrients and vegetation that can vary between climbing plants and shrubs [41].

Active living wall: This is the most advanced form of living walls, acting as an
air purification method, reducing indoor particulate matter (PM10 and PM25). Unlike
conventional LWS systems, this design incorporates an air chamber positioned at the rear of
the structure. An axial fan installed at the upper section actively extracts hot, contaminated
air, thereby promoting controlled airflow within the plant rhizosphere. Additionally,
the system typically integrates LED lighting to adequately satisfy internal illumination
requirements [22,23].

The literature on treatment living walls and indoor ALW extends life-cycle interpre-
tation beyond “green envelope” framing. Greywater-focused work positions the system
as a vertical nature-based treatment unit, where pollutant removal depends on media
engineering and hydraulics and where leaching/secondary releases can confound apparent
removal if not monitored and reported. In parallel, ALW studies treat the system as an
IAQ device; life-cycle outcomes depend on the material composition and scenario choices
(including recycled-content assumptions), highlighting multicategory trade-offs rather than
single-metric “green” claims. These streams motivate a synthesis stance in which service
delivery is treated as primary and life-cycle accounting is forced to preserve operational
architecture and replacement trajectories [18–23].

Table 3 presents the studies that focused on the LCA of green walls, considering the
following categories: location and type of system, service life, functional unit, life-cycle
phases, scope, environmental impact methodology, and, finally, software and database.
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Table 3. Green walls and LCA correlation studies.

Author Location Type of System Service Life Functional
Unit Stages Analyzed Scope

Environmental
Impact

Methodology
Software and Database

[14]
Puigverd de

Lleida,
Catalonia, Spain

Indirect green 10–50
1 m2

Manufacturing, construction of the
system components, the operational

life, the maintenance, and the end
of life

cradle-to-cradle ReCiPe2016 and
IPCC2013 Ecoinvent® v3.7 databaseLWS 10–50

Bare wall 50

[86] United Kingdom Felt layer LWS 10 1 m2 Manufacturing, construction,
maintenance, end of use cradle-to-grave

Greenhouse gas
report 2019 UK

Government
WITNESS software

[97] Turin, Italy LWS - 1 m2 Upstream and manufacturing cradle-to-gate - -

[17] Valenzano, Italy Indirect green
Material production, transportation,

maintenance and
disposal stages

cradle-to-cradle

CML2001
(Centrum voor

Milieuwetenschappen
Leiden)

GaBi 8 software and
Ecoinvent® database

v3.3 databaseBare wall 30 1 m2

[36] Italy Indirect green 10 1 m2 Production, construction,
and maintenance cradle-to-gate

ILCD (International
Reference Life Cycle

Data System)

OpenLCA software and the
Ecoinvent® v3.7 database

[114] Portugal

LWS—S1 50

1 m2 Raw material extraction, transport,
Production of GVS. Components cradle-to-gate CML-IA v.4.7

method
Ecoinvent database v3.6 and

SimaPro (version 9.0)

LWS—S2 50
LWS—S3 50
LWS—S4 50
LWS—S5 50

[88] Abrantes, Portugal Indirect green
(Geogreen system) 50 1 m2 Manufacture, construction, and

use stage cradle-to-gate
according to similar
studies (Ottelé et al.,

2011) [8]

GaBi 6 software and
databases (Thinkstep, 20151)

[88] United Kingdom LWS 10 1 m2
System components manufacturing,

construction, maintenance,
and disposal

cradle-to-grave - WITNESS software

[89] Delf, The
Netherlands

Indirect green 50
1 m2

Raw material
depletion, manufacturing,
transportation, installation,
maintenance, and disposal

cradle-to-cradle Eco-indicator 99 Simapro modeling (7.3.3)Planter boxes LWS 7.5–50
Felt layer LWS 3.5–50

[90] Ghen, Belgium LWS 15 1 m2 Material production, transportation,
and maintenance cradle-to-cradle

ReCiPe 2016
midpoint

(H)
openLCA software
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Table 3. Cont.

Author Location Type of System Service Life Functional
Unit Stages Analyzed Scope

Environmental
Impact

Methodology
Software and Database

[8] Delft, The
Netherlands

Bare wall 50

1 m2 Materials, transportation, and waste cradle-to-cradle -

based on the Dutch National
Environmental database
compiled by the Dutch

Institute for Building Biology
and Ecology (NIBE)

Direct green 50
Indirect green 50

Planter boxes LWS 7.5–50
Felt layer LWS 3.5–50

[16] Delft, The
Netherlands

Bare wall 50

1 m2 Materials, transportation, and waste cradle-to-cradle -

based on the Dutch National
Environmental database
compiled by the Dutch

Institute for Building Biology
and Ecology (NIBE)

Direct green 50
Indirect green 50

Planter boxes LWS 7.5–50
Felt layer LWS 3.5–50

Mineral wool LWS 3.5–50

[85] Madrid, Spain

Felt layer LWS 10

1 m2

Manufacture of the system
components, construction,

and maintenance
cradle-to-cradle

ILCD (International
Reference Life Cycle

Data System)
midpoint method

(European
Commission, 2011),
the LCIA method
endorsed by the

European
Commission

Ecoinvent® Database v.3.5

Planter boxes LWS 10

[23] Doha, Qatar
Felt layer ALW 10

1 m2
Production, construction,

transportation, use, maintenance,
and disposal

cradle-to-cradle
ReCiPe LCIA

midpoint method
-

Planter boxes ALW 10
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The European locations predominate in correlation studies. A service life between
3.5 and 50 years has been found and is influenced mostly by the replacement of plants in
planter boxes (LWSs) and felt layers (LWSs). In terms of the system boundaries, the most
common stages analyzed are manufacture (production), construction, maintenance, and
disposal; therefore, the most common stage selected by the authors was the cradle-to-cradle
stage, followed by the cradle-to-gate stage.

The most prevalent environmental impact methodologies used in the studies, included
in Table 2, are CML [84,115,116], ReCiPe, and the International Reference Life Cycle Data
System (ILCD). Some authors continue to follow the environmental impact methodology,
and some of the inventory data were collected as suggested by Marc Ottelé in 2011 [8].
Only a few studies [86,97] have focused exclusively on global warming potential, expressed
as CO2 equivalent (CO2 eq.) emissions; other studies have considered a broad spectrum
of categories depending on the environmental impact methodology selected. There is
also a broad spectrum of software and databases used for LCA; the most used are the
Ecoinvent® [14,85,114], GaBi [17,88], and Simapro [89] databases, as well as the Dutch
National Environmental Database compiled by the Dutch Institute for Building Biology
and Ecology (NIBE) [8,16].

3.4. Studies on System Components and Inventory Data Collection

Figure 2 summarizes the inventory information reported in the reviewed studies. The
data were disaggregated at the component level to preserve methodological transparency
and to facilitate a comparison across green wall configurations. Due to heterogeneity
in the LCA, the material quantities (kg/m2), the distances (km), and service life (years)
assumptions values are reported as ranges. These should be interpreted as indicative of
variability across studies rather than directly comparable metrics. The figure also provides a
graphical synthesis of the main green wall configurations identified in the review, including
their most common components and the authors associated with each publication. The
inventory data collection figure reveals the existence substantial differences in material
intensity across LWS typologies. Indirect LWS generally present lower component weights,
ranging from 4.3 to 8.6 kg/m2, while felt layer LWS show higher values ranging from
13.3 to 42.7 kg/m2. Active living walls present the highest reported material intensity,
with values between 55.9 and 136.9 kg/m2. Such differences have direct implications for
embodied impacts, particularly when high-mass supporting structures, irrigation systems,
mechanical components, or replacement-intensive layers are included. In addition, service-
life assumptions ranging from 3.5 to 50 years strongly affect annualized impacts and can
alter the apparent environmental performance of each system. A system with high initial
material intensity may show lower annualized impacts if modeled over a long service life,
whereas a lighter system may perform less favorably if frequent replacement of plants,
substrates, membranes, or irrigation components is required. Therefore, component weight,
replacement rate, transport distance, and assumed service life should be interpreted jointly
rather than independently.

In general, the systems that have the highest weight (kg/m2) are the felt layer, plastic-
based, and mineral wool LWSs. The same trend applies to distance (km), where the LWS
has the most significant impact on material transportation. Component-level inventories
(support structures, substrates, irrigation, and replacement cycles) are repeatedly identified
as decisive contributors to total impacts in green wall LCAs [17].
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Figure 2. Inventory data collection of the analyzed green wall systems. The values were aggregated
(means) and summarized to streamline the data processing and analysis [8,16,22,35,84–86,89,117,118].
Created by the authors based on data extracted from the included studies.
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3.5. Studies on Green Walls and Energy Savings

The initial studies on the matter of green walls and energy savings focused on estab-
lishing that there was not enough data to support green façades as an energy saving method
for the built environment. Energy performance became the most assessed topic in subse-
quent years for modeling the energy consumption of building façades, demonstrating that
energy performance is more explored in warm climates [33,98–102]. More recently, other
studies have centered the scope of the study either on assessing the effect of green walls also
on winter, or the correlation between the coverage rate and the surface-averaged shading
coefficient or exploring the economic value [103–105,109]. Evidence on operational-energy
effects is consolidated through widely cited VGS energy-saving syntheses that emphasize
climate, orientation, and system configuration as first-order drivers [33].

When treatment or IAQ services are introduced, energy savings should not be rhetori-
cally added as a universal co-benefit. Functionalized systems behave as infrastructure-like
or device-like systems, where operational energy may be non-negligible and must be ac-
counted for explicitly under service-aligned boundaries; otherwise, “net benefit” narratives
become boundary-driven [23].

3.6. Environmental Impact and Inventory Data Collection

The selection of the material and the maintenance of the green wall considerably affect
the total environmental impact [8,22,81,85]. Therefore, it is important to address recycled
materials such as aluminum frames for the technological support of modules, industrial
waste for plastic boxes, and organic substrates [81,111,112]. The greatest environmental
damage (48.2%) was attributed to the steel frame present in the LWSs, and the importance
of disposing of these components was highlighted [14]. A minimum of 10 years of service
life demonstrated an environmental payback of 4.6 years, which was followed by years of
gain in benefits [82]. Modeling extensions should explicitly propagate uncertainty from
foreground inventories and background datasets to avoid overconfident comparisons
across systems [14].

3.6.1. System Boundaries of the Analyzed Systems

In relation to the LCA stages, the production of green walls had the most environ-
mental effects during the life cycle, and the choice of suitable plants according to the
climatic conditions, growing medium, and irrigation system (nutrient) was related to the
minimization of the negative effect of the use stage [36]. The inventory composition should
be reported at various component granularities (structure, substrate, irrigation, vegetation,
and maintenance) to make hotspot attributions auditable [13]. When greywater reuse
or circular-water narratives are asserted, boundaries must include the burdens required
to deliver the service (treatment, pumping, and associated operations where applicable).
When ALW is included, boundaries must include active architecture and operational en-
ergy consistent with IAQ service delivery. Circularity claims should specify which circular
economy target is evaluated and include end-of-life explicitly; otherwise, conclusions risk
becoming boundary-driven rather than evidence-driven [18,23,77].

Some studies concluded that the use of foreign databases leads to miscalled results
since different regions have different energy resources and different production meth-
ods [91,106,110]. It was also noted that the majority of the studies were carried out in
European counties, which have their own databases or uses ones that are similar to their
specific conditions (see Table 2). System boundaries should be consistently declared (e.g.,
cradle-to-gate vs. cradle-to-grave) because boundary truncation materially alters conclu-
sions for LWS. The use of different system-boundary approaches has direct implications
for the interpretation of LCA results. Cradle-to-gate analyses mainly consider extrac-
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tion, manufacturing, and production phases of materials which might underestimate the
importance of maintenance, replacement, operational energy, irrigation, and end-of-life
processes. Cradle-to-grave analyses offer a more comprehensive life-cycle perspective, but
require more assumptions about service life, replacement, and end-of-life scenarios. Finally,
cradle-to-cradle approaches introduce circularity assumptions related to reuse, recycling,
or material recovery, which could further alter the distribution of environmental burdens
and hotspots. Therefore, caution must be stablished to compare studies with different
system-boundary approaches.

Recycling scenarios of green walls have been proven to reduce the environmental
load from 5598 to 2046 kg CO2 eq. GWP 100a [36]. Examples such as the Geogreen
modular system, which incorporates industrial waste materials and industrial sub products,
have been proven to improve performance in terms of environmental burden, global
warming, human toxicity, and freshwater aquatic ecotoxicity [88]. Several studies have
been conducted on the beneficial effects of greening building façades [17,52,53,107]. Some
of the beneficial effects addressed were both acoustic and sound-decay time indicators,
encompassing the mitigation of the UHI effect and the optimization of energy efficiency [94,
95]. Nevertheless, some gaps are reported, particularly concerning the environmental
impact, cost of construction, policies, and indices that encourage the implementation
of VGS [92,96]. Some studies have explored circular-economy-oriented material choices
for VGS, particularly in relation to growing media. For instance, De Lucia et al. [108]
presented an alternative substrate composed of loam soil and rice husk that was used
as an agricultural by-product from the rice milling process. This choice was inspired by
the principles of a circular economy to reduce the environmental impact and costs of the
substrate used in greening building façades.

3.6.2. GWP

The life-cycle phases or stages considered were production, construction, use, and
disposal. The GWP over 100 years (kg CO2 eq. GWP 100a) category was commonly used
and analyzed in correlation studies [14,16,86,88,89] to measure the amount of CO2 eq.
emissions per 1 kg of material in different phases. For multifunctional systems, GWP
interpretation becomes boundary- and scenario-sensitive. Greywater treatment living
walls may shift burdens toward operational inputs (e.g., recirculation/pumping where
applicable) and media replacement cycles, while indoor ALW systems may introduce
operational energy and material-intensive module assemblies whose impacts depend on
material choices and recycled-content scenarios. Therefore, climate-related conclusions
should be presented as conditional on explicit boundaries and scenarios rather than as
intrinsic properties of green walls as a generic category [18,21–23,106]. GWP outcomes are
frequently dominated by embodied contributions from structural and irrigation-related
components, reinforcing the need for high-resolution foreground inventories [15].

4. Discussion
The reviewed literature frames green walls as a family of nature-based façade systems

assessed through LCA to quantify environmental burdens across the full life cycle [24]. To
reduce conceptual ambiguity, studies can be organized by the prevailing typology model
used in the field: direct green façades, indirect green façades, and LWSs [14–17,86], includ-
ing ALW [14–17,22,86]. This typology matters because it governs component intensity
(mass per unit area), auxiliary inputs during use (irrigation and nutrients), and replacement
dynamics, which collectively drive cross-study variability. Recent indexed scholarship
calls for harmonized ‘uniform outlines’ to enable commensurate environmental impact
assessment across VGS applications and modeling choices.
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Across the included studies, system service life spans are largely conditioned by re-
placement cycles. A common analytical assumption is the use of a 1 m2 functional unit to
normalize comparisons, aligned with ISO-based LCA practices [16,28,36,39,85,88,89,91,119].
However, boundary conditions remain heterogeneous: authors adopt different scopes (most
frequently cradle-to-cradle followed by cradle-to-gate), and they apply inconsistent nomen-
clature for life-cycle stages, which complicates direct comparisons of system boundaries
and the attribution of hotspots to specific phases [8,14,17,36,85,89,97,117,118].

Despite methodological dispersion, several convergent findings emerge: First, produc-
tion and construction/manufacture phases are most frequently reported as the dominant
contributors to environmental impacts, particularly for more component-intensive systems
(e.g., LWS), where structural supports, polymeric layers, and specialized panels increase
embodied impacts. Second, inventory assumptions, especially total system weight (kg/m2),
transport distances (km), and component service life, are decisive: heavier LWS config-
urations (felt layers, plastic-based systems, and mineral wool LWS) concentrate higher
material burdens and are also associated with greater transportation relevance due to
longer or more complex supply chains. Third, the use phase is highly sensitive to operation
and maintenance practices (irrigation water, nutrient inputs, plant replacement intensity),
which introduce substantial uncertainty when such practices are not reported consistently
or are modeled using generic assumptions [8,14,16,39,86,89,90,97,114].

Several studies warn that using foreign background databases may lead to misleading re-
sults because energy mixes and production technologies vary by region; therefore, transferabil-
ity outside the study context is conditional and should be treated explicitly [27,32,42,120–126].
Finally, transport modeling is a major boundary-condition uncertainty: it is sometimes ex-
cluded from minimizing uncertainty, yet it can materially influence total results, especially
for heavy, multicomponent systems [14,85,86,88,97]. Taken together, the state of the art sup-
ports thematic synthesis in which typology (direct/indirect/LWS/ALW), system boundary
definition (scope and stage inclusion), and inventory data provenance (local vs. foreign
datasets) function as the primary “model family” axes that explain divergence in reported
environmental performance [26,27,32,42,123,127–129].

4.1. Green Wall Typologies and System Definitions for LCA

A consistent typological definition is a prerequisite for interpreting and comparing
LCA results across green wall studies. Typology directly determines component intensity,
auxiliary inputs, and replacement dynamics [41,87,130–132].

LWSs represent the most complex configuration and are generally composed of multi-
ple layers and components (structural support, waterproofing materials, supporting panels
such as felt or HDPE planter boxes, growing media, natural or artificial substrates, and an
irrigation system and vegetation) [133]. LWSs typically concentrate the highest component
density and material diversity, increasing sensitivity to inventory assumptions such as total
system weight (kg/m2), transport distances (km), and service-life/replacement schedules
for plants and functional layers, which directly affect LCA results [41,93,132,134–138].

For life-cycle interpretation, typology must be encoded at two levels: construction type
(which subsystems exist) and service family (what the system is intended to do). For living
walls to be treated, the system definitions must include media/reactor logic, hydraulic
loading regimes, and replacement/aging trajectories. For ALW, the system definition
must include the active airflow architecture and the material composition of the module
assembly. This system definition is required to preserve comparability and to support
scenario modeling of circularity and end-of-life without collapsing distinct drivers into a
monolithic “green wall” archetype [23].
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4.2. System Boundaries, Service Life, and Comparability

A dominant limitation is cross-study noncomparability driven by heterogeneous
system boundaries, inconsistent denominations of life-cycle stages, and typology ambi-
guity (direct/indirect/LWS). Even when studies nominally adopt ISO-consistent LCA
steps [126,129], the practical implementation of ISO-consistent LCA varies substan-
tially: cradle-to-gate vs. cradle-to-grave vs. cradle-to-cradle are not only different “la-
bels”, but they also embed different causal stories about what counts as burdens and
credits [36,91,117,133,139–141]. This leads to a fundamental interpretability problem: two
studies can report similar midpoint results while modeling dissimilar processes; conversely,
they can report divergent results simply because one included operation and maintenance
(O&M) and end-of-life (EoL) while the other did not [14,142,143].

Model misspecification arises when typology-specific processes (e.g., irrigation control,
substrate replacement, or structural subassemblies) are simplified or excluded, biasing
hotspot identification [39,89,119,139]. Model misspecification occurs when service-driven
systems are modeled with envelope-centric assumptions. Treating greywater systems as
passive envelope add-ons or treating LWSs as passive vegetation panels can misidentify
dominant drivers, distort hotspot rankings, and generate non-falsifiable sustainability
claims [133]. The reported service life spans wide ranges and is driven by the replacement
of plants and functional layers. If replacement schedules are treated as fixed rather than
stochastic (or climate dependent), the model can be systematically biased toward underesti-
mating O&M burdens. In living systems, degradation and mortality are not noise; they are
governing processes [18,23,106]. Service life of LWS is influenced by material selection due
to their exposure to different degradation processes. For instance, a supporting structure
may be affected by corrosion, while polymer parts and irrigation pipes can degrade from
thermal changes [88,108]. Geotextiles can lose their performance from biological activity
or root interaction. Substrates may require partial replacement depending on nutrient
depletion, or plant health [108]. As a result, material choice influences must be considered
not only in the initial embodied impacts, but also in the O&M over the entire life cycle.

A recurrent inconsistency is the treatment of transport. It is sometimes excluded to
reduce uncertainty but simultaneously acknowledged as influential [8,17,89,114]. This
indicates a deeper boundary-condition problem: uncertainty is managed by omission
rather than by scenario design (ranges, sensitivity tests). For heavy, multicomponent
systems, transport can materially affect totals; excluding it shifts the apparent hotspot
toward production, potentially distorting design priorities [90,110,144].

“Reduce–reuse–recycle” scenarios are often suggested [88,96,145], but they are rarely
modeled with sensitivity analysis, considering allocation rules that are transparent and
consistent (cutoff vs. substitution vs. allocation at end-of-life). Without explicit allocation
choices, circularity claims remain qualitative. This approach is particularly critical for
polymeric components, composites, and multi-material assemblies where real recycling
rates and pathways are uncertain [8,14,86,89].

4.3. Inventory Data Limitations and Background Dataset Dependence

Inventory quality is the principal bottleneck. Many studies rely on secondary (back-
ground) datasets for materials and processes, while primary data on green wall-specific
components (felt layers, modular panels, waterproofing assemblies, irrigation subsys-
tems, substrate blends, and plant production) remain scarce or inconsistently docu-
mented [133,146,147]. The use of foreign databases can produce misleading results [42];
this is not a marginal caveat but rather a central transferability risk because electricity
mixes, manufacturing efficiencies, transport logistics, and end-of-life pathways are highly
regional [122,123,125,148]. Consequently, two studies with identical foreground bills of
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materials may produce systematically different impacts purely because of background
dataset choices, undermining cross-context inference.

Inventory completeness remains a bottleneck, as background dataset choices and
missing maintenance flows can dominate the variance in the calculated impacts [9,149,150].
Key missing data elements repeatedly observed include component mass per functional
unit (kg/m2) reported transparently by layer; transport distances and mode splits; water,
nutrient, and energy use for irrigation and maintenance; and empirical replacement rates
for plants and functional layers under real operating conditions [8,16,39,91].

Inventory quality is constrained when media and operational architecture are treated
as generic background proxies. Treatment living walls require explicit representations of
media composition, replacement, and leaching risk as foreground processes, while ALW
requires explicit material inventories and operational architecture. Background dataset
dependence becomes critical when recycled-content and end-of-life credits are assumed
rather than scenario-tested, particularly given known limits in recycling systems and
recovery realities across material families [23].

4.4. Implications for Practice and Research

A second bias arises from typology-driven component intensity [14,36,91,117,126,
129,133,139–143]. As mentioned before, LWSs typically contain more layers, polymeric
products, and dedicated supports than direct or indirect green façades; therefore, stage
dominance (production vs. O&M) can reflect typology more than methodological agree-
ment [22,36,39,138,139]. Without explicit harmonization of system descriptions and a
minimum reporting set (mass, component list, replacement cycles), conclusions about
“hotspots” risk becoming typology-proxy statements rather than generalizable findings.
Comparability is constrained by heterogeneous service-life assumptions and by the LCIA
method, which can invert hotspot rankings across otherwise similar systems [41].

4.5. Research Gaps and Open Problems

Key gaps persist in harmonized reporting, typology-specific foreground datasets,
and robust coupling of operational energy effects with cradle-to-grave burdens [33]. Ac-
tionable gaps include standardized reporting of media recipes, hydraulic regimes, and
leaching indicators for treatment living walls; standardized IAQ performance protocols
linked to operational descriptors for ALW; and open, subsystem-resolved inventories
with explicit maintenance events and end-of-life scenarios. In addition, circularity narra-
tives require explicit target mapping and realistic recycling constraints to avoid idealized
credits [19,21,23,77,78,106].

Figure 3 presents a conceptual framework that synthesizes the methodological gaps
identified across LWS life-cycle stages and methodological gaps. The framework identifies
eight inter-related types of gaps (G), corresponding to the key phases of LCA, according to
ISO 14044 principles and framework, and their implications for study comparability and
design relevance. Rather than treating methodological limitations as isolated issues, the
proposed framework emphasizes the cumulative and inter-dependent nature. G1 refers to
inconsistencies in goal and scope definition, including G1.1 general typologies of LWSs;
inconsistency in the system boundaries’ definition; and the exclusion of critical phases of
the entire life cycle. G2 refers to the LCA inventory gaps, including G2.1’s limited selection
of impact categories, and G2.2’s incomparable LCA methods. G3 refers to temporary and
context assumptions of LCA, and G3.3 is related to lack of studies in tropical cities. G4 refers
to the difficulty in comparations of LCA studies. G4.1 is related to the lack of methodological
standardization. G4.2 is related to the lack of specific-context databases, and G4.3 refers to
a non-normalized system definition of the LWS. Finally, G5 is related to the interpretation
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phase, and to the designs’ transferability from the LCA results to the improvement of the
system environmental performance. G5.1 is related to the lack of translation to design
variables. G5.2, G5.3, and G5.4 refer to lack of trade-off analysis; cleaner production
strategies; and sensitivity analysis, respectively. The greatest concentration of gaps occurs
in the Life Cycle Inventory (LCI) phase. This indicates that the main methodological
challenge in LWS studies lies not only in the selection of impact assessment methods but
also in how inventories are constructed, reported, and justified. Critical inventory variables
include material composition, component weights, transport assumptions, maintenance
requirements, service life, replacement rates, water and energy use, and other operational
assumptions. When the LWS life-cycle stages are considered, the greatest number of gaps
is found in the use and maintenance and end-of-life stages, followed by transport and
installation. This finding is consistent with the literature retrieved in this review, as the
greatest uncertainties in LWS studies tend to be associated with vegetation replacement
rates, the service life of functional layers, maintenance practices, irrigation requirements,
energy consumption, end-of-life treatment, recyclability, and circularity scenarios.

Figure 3. Correlation matrix linking of LWS life-cycle stages (ISO 14044) and methodological gaps.
Created by the authors based on data extracted from the included studies.

4.6. Review Limitations

The reviewed studies differ considerably in their system boundaries, functional units,
life-cycle stages, LCIA methods, service-life assumptions, and inventory completeness.
These differences limit direct comparability among results and restrict the possibility of
developing a fully harmonized quantitative meta-analysis. Many studies do not report
complete foreground inventory data, uncertainty analysis, sensitivity analysis, or detailed
maintenance and replacement assumptions, thus preventing independent validation or
recalculation of their results. Thus, the conclusions of this review should be understood
as a structured synthesis of methodological patterns and gaps found in the available
literature, rather than a normalized comparison of environmental performance across all
green wall systems.

Although 1 m2 is the most common functional unit in the reviewed literature, this
area-based reference may not fully capture the performance of multifunctional systems.
Active living walls, biofiltration systems, and greywater treatment-oriented living walls
provide services that exceed surface coverage, including air treatment, pollutant removal,
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thermal regulation, and water treatment. For these systems, service-based functional
units such as kg of pollutant removed, m3 of treated air, m3 of treated greywater, or
annual thermal-energy reduction may provide a more functionally meaningful basis for
comparison. Therefore, future LCA studies should consider a combination of area and
service-based functional units for evaluating multifunctional green wall systems.

5. Conclusions
A central limitation of the evidence base is methodological and reporting heterogene-

ity. Studies employ different green wall systems, background databases, and inventory
assumptions, and they adopt heterogeneous scopes (e.g., cradle-to-cradle, cradle-to-gate,
or cradle-to-grave). Inconsistent stage denomination further complicates system-boundary
comparison and synthesis. Transport remains a particularly critical boundary-condition
issue: it is frequently excluded to avoid uncertainties and inequalities, yet it can materially
influence overall impacts, indicating that transparent scenario definition is preferable to
omission. The results are sensitive to the selection of environmental impact methodologies
and software/databases. Foreign background datasets can report misleading outcomes;
therefore, context-aware modeling and prioritization hooking into local conditions and
regional data are necessary to improve transferability, a holistic point of view, and a life-
cycle perspective.

Across typologies, production and construction are most frequently reported as the
stages with the highest environmental effects, with LWS often exhibiting the highest com-
ponent intensity and, consequently, the greatest potential burdens. Careful selection of
materials and components, together with explicit transportation logistics, becomes criti-
cal. Priority mitigation strategies include reducing material intensity and strengthening
circularity in key elements such as support structures and planter boxes. In this context,
reduce–reuse–recycle scenarios should be expanded and operationalized across the life
cycle, in coherence with cleaner production principles. The key methodological gaps iden-
tified in this review have direct implications for evidence-based design and specification
of LWS. Future LCA studies should not assess embodied and operational impacts sep-
arately but rather examine how component assembly, plant selection, irrigation design,
maintenance regimes, and service-life assumptions interact over time. This is particularly
relevant because use-stage impacts are strongly shaped by irrigation-related inputs and
replacement needs.

Scenario-based and sensitivity analyses should therefore include water recirculation,
rainwater harvesting, organic fertilization, alternative O&M schedules, and service-life
variation. In addition, case studies should be expanded to tropical cities, where climate,
water demand, vegetation performance, and maintenance intensity may substantially alter
life cycle outcomes. Assessment of irrigation systems should not be limited to their material
composition; their contribution to water-use efficiency and service-life extension should
also be considered. Otherwise, short, or poorly managed lifespans (7.5 years), may increase
replacement rates, shift environmental hotspots, and reduce the expected environmental
benefits of LWSs. Green wall systems should be reviewed as a set of engineered, service-
specific systems (envelope moderation, greywater treatment, and indoor IAQ biofiltration)
whose sustainability outcomes are conditional to explicit boundaries, and scenario assump-
tions. Greywater evidence shows that performance is governed by media and hydraulics
and that leaching behavior can constrain simplistic “removal” narratives in ALW.
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